Abstract A subset of follicular thyroid carcinomas contains a balanced translocation, t(2;3)(q13;p25), that results in fusion of the paired box gene 8 (PAX8) and peroxisome proliferator-activated receptor c (PPARG) genes with concomitant expression of a PAX8-PPARg fusion protein, PPFP. PPFP is thought to contribute to neoplasia through a mechanism in which it acts as a dominant-negative inhibitor of wild-type PPARg. To better understand this type of follicular carcinoma, we generated global gene expression profiles using DNA microarrays of a cohort of follicular carcinomas along with other common thyroid tumors and used the data to derive a gene expression profile characteristic of PPFP-positive tumors. Transient transfection assays using promoters of four genes whose expression was highly associated with the translocation showed that each can be activated by PPFP. PPFP had unique transcriptional activities when compared with PAX8 or PPARg, although it had the potential to function in ways qualitatively similar to PAX8 or PPARg depending on the promoter and cellular environment. Bioinformatics analyses revealed that genes with increased expression in PPFP-positive follicular carcinomas include known PPAR target genes; genes involved in fatty acid, amino acid, and carbohydrate metabolism; micro-RNA target genes; and genes on chromosome 3p. These results have implications for the neoplastic mechanism of these follicular carcinomas.
Well-differentiated thyroid carcinoma, excluding medullary carcinoma, is divided into papillary, follicular, and oncocytic cell types. Papillary carcinoma is the most common form of thyroid cancer. It has several recognized histologic subtypes that share activating mutations of genes within the RET/RAS/ BRAF/MAPK signaling pathway (1, 2) , although each papillary carcinoma subtype has a distinct gene expression signature (3) . Follicular carcinoma is either associated with mutations of the RAS gene family (4) or a distinctive translocation of chromosomes 2 and 3 that results in fusion of paired box gene 8 (PAX8) with peroxisome proliferator-activated receptor c (PPARG; ref. 5) . Unlike the other thyroid carcinomas, the spectrum of mutations present in oncocytic carcinoma remains largely elusive, although mutations of GRIM-19 (NDUFA13), a gene involved in mitochondrial metabolism and regulation of cell death, recently have been identified in a minority of oncocytic carcinomas (6) .
PAX8 encodes a transcription factor that is expressed at high levels in thyrocytes. It is necessary for normal thyroid development and it directs the expression of many thyroidspecific genes. PPARG encodes a nuclear hormone receptor transcription factor whose activity is related to adipocyte differentiation (7 -9) , lipid and carbohydrate metabolism (10) , and cellular proliferation and differentiation. PPARg is expressed at very low levels in normal thyroid and has no known function in that organ. In follicular carcinomas with the t(2;3)(q13;p25) translocation, the promoter and 5V coding region of PAX8 are fused in-frame with the coding region of PPARc1, resulting in a fusion protein designated PPFP. PPFP is expressed at high levels in PAX8-PPARG translocation-positive follicular carcinomas and is thought to play an oncogenic role through several mechanisms (11, 12) .
Despite their low incidence compared with papillary carcinomas, follicular carcinomas with the PAX8-PPARG translocation are of great interest for several reasons. First, balanced translocations in epithelial tumors are uncommon compared with mesenchymal and hematologic tumors, for reasons that are not entirely clear. Defining the distinctive characteristics of thyroid tumors that favor chromosomal rearrangements would potentially be very informative. Second, as a nuclear receptor, PPARg displays myriad cellular functions, including potential roles in neoplastic transformation. A better understanding of its role in carcinogenesis is needed, and follicular carcinomas with this translocation should serve as a relevant model. Finally, molecularly targeted treatments for follicular carcinoma are needed; thus, an improved understanding of their biology and relevant therapeutic targets might be gained by elucidation of the consequences of the PAX8-PPARG translocation. With these rationales in mind, we derived the gene expression signature of a cohort of follicular carcinomas with this translocation and did supporting studies to corroborate the signature. Transfection experiments showed that the promoters of several genes in the PAX8-PPARG signature are activated by PPFP in a manner that partially overlaps the functions of PAX8 or PPARg. Bioinformatic analysis of the signature revealed potential roles of several metabolic pathways in the oncogenic action of PPFP.
Materials and Methods
Tumors, histopathology, and RNA isolation. A total of 93 unique thyroid samples consisting of 4 normal thyroids and 89 thyroid tumors [7 follicular carcinomas with the PAX8-PPARG translocation, 6 follicular carcinomas without the translocation (including Thy 203 , described below), 10 follicular adenomas, 8 oncocytic carcinomas, 7 oncocytic adenomas, and 51 papillary carcinoma] were used to generate the gene expression profiles. Cases were derived from the University of Michigan, the University of Cincinnati Medical Center, and the Cooperative Human Tissue Network. The 51 papillary carcinomas and the four normal thyroids were described previously (3). Institutional review board approval was obtained. All tumors were diagnosed using accepted morphologic criteria. Frozen section slides and original permanent sections were reviewed, when available, to confirm the diagnoses and ensure research tissues were in agreement with the final pathologic diagnosis. All tissues were processed and RNAs were extracted similarly, as previously described (13) .
Microarray analysis. DNA microarray analysis was done using commercially available oligonucleotide DNA microarrays containing 22,283 probe sets (U133A GeneChip, Affymetrix, Santa Clara, CA) as reported (3, 14) . cRNA preparation and hybridization, and scanning and image analysis of the arrays were done according to protocols of the manufacturer and as previously described (13) , as was probe set intensity estimation and normalization. Our procedures gave average probe set intensities of f1,500 units, which we log-transformed using log[max(x + 50,0) + 50]. Estimates of fold changes between groups are the antilogarithms of the differences in means of the logtransformed data. Normalized and raw versions of the data are publicly available at http://dot.ped.med.umich.edu:2000/pub/PPARG/ index.html.
Quantitative reverse transcription-PCR and sequencing. Reverse transcription real-time PCR was done as previously described (15) . The probes and labels, shown in Table 1 , were designed using Primer Express (ABI, Foster City, CA) and were obtained from Biosearch Technologies (Novato, CA). PCR conditions for each primer-probe combination were optimized for time, temperature, and magnesium concentration and done using a SmartCycler (Cepheid, Sunnyvale, CA). PCR products were sequenced in both directions by the University of Michigan DNA Sequencing Core.
Tissue array and immunohistochemistry. A thyroid tissue array was constructed for validation by immunohistochemisty studies. The four PPFP(+) follicular carcinomas from the University of Michigan were used along with two PPFP(À) follicular carcinomas, four papillary carcinomas, two follicular adenomas, and four normal thyroids. Onemillimeter-diameter cores were arrayed in duplicate. Immunohistochemistry was done using a robotic autostainer (DAKO, Carpinteria, CA) and standard procedures using the Envision detection system (DAKO). The following antibodies and conditions were used: PPARg (Santa Cruz Biotechnology, Santa Cruz, CA), 1:100 dilution, high-pH Tris antigen retrieval, 60 minutes room temperature incubation; enolase 3 (ENO3; BD Transduction Laboratories, San Jose, CA), 1:50 dilution, citrate buffer antigen retrieval, 60 minutes room temperature incubation; and aquaporin 7 (AQP7; Abcam, Cambridge, MA), 1:800 dilution, citrate buffer antigen retrieval, 30 minutes room temperature incubation.
Cell culture and transfection assays. All cells were maintained at 37jC with 5% CO 2 . JEG-3 human choriocarcinoma cells were cultured in Eagle's MEM with 10% fetal bovine serum and penicillin/ streptomycin. N2a mouse preneuronal cells were cultured in DMEM with 10% fetal bovine serum and penicillin/streptomycin. Rat FRTL-5 thyroid cells were cultured in F12 Coon's media with 5% fetal bovine serum, six hormone combination (1 mU/mL bovine TSH, 4 ng/mL insulin, 10 ng/mL somatostatin, 5 Ag/mL apotransferrin, 4 mg/mL hydrocortisone, and 10 ng/mL glycyl-L-histidyl-L-lysine acetate; Sigma, St. Louis, MO) and penicillin/streptomycin.
Whole thyroid glands were removed from dogs that had been previously anesthetized and exsanguinated as part of an unrelated, institutionally approved study. Thyroid glands were removed within 10 minutes of exsanguination. Glands were trimmed, minced, and primary cultures of thyrocytes were obtained following the method of Uyttersprot et al. (16) .
The promoters of four genes that, according to our microarray data, were induced specifically in PPFP(+) follicular carcinomas were selected for analysis by transfection. The PCR was used with Accuprime Pfx polymerase (Invitrogen, Carlsbad, CA) to amplify human AQP7 bp À2,359 to +90 (the transcription start site is +1), angiopoietin-like protein 4 (ANGPTL4) bp À2,565 to +77, placental growth factor (PGF) bp À2,372 to +34, and ENO3 bp À2,808 to +56. The respective templates for these reactions were human genomic DNA and bacterial artificial chromosomes RP11-886P16, RP11-104F2, and RP5-1050D4. The 5V PCR primers contained an Mlu1 restriction enzyme site and the 3V primers contained either an Xho1 or Sal1 site. The PCR products were digested with the appropriate enzymes and ligated into the Mlu1 and Xho1 sites of pGL3-basic (Promega, Madison, WI). All constructs were confirmed by sequencing.
For transfection, cells were plated into 24-well clusters. The day before transfection, the medium was replaced to include charcoalstripped serum. Transfections were done with LipofectAMINE and Plus reagents according to the protocol of the manufacturer (Invitrogen) in serum-free medium, and included 100 ng of the above-described pGL3-based firefly luciferase reporter plasmids, 100 ng transcription factor expression plasmid (PAX8, PPARg, PPFP, or empty vector pCDNA3.1+; Invitrogen), and 0.5 to 1 ng of the internal control Renilla luciferase plasmid pRL-SV40 (Promega). After 3 hours of transfection, an equal volume of culture medium containing 20% charcoal-stripped FCS and penicillin/streptomycin was added to the wells. The next day, the culture medium was replaced with medium containing either 10 Amol/L PPARg agonist ciglitazone (17) or vehicle ethanol (again with 10% stripped serum) for an additional 24 hours. The cells were lysed and analyzed for firefly and Renilla luciferase activities using the Promega dual luciferase reagents and protocol.
Enriched feature tests. We tested a selected set of 977 probe sets for overrepresentation of any Gene Ontology terms, GenMAPP maps using probe set annotation from Affymetrix (http://www.affymetrix.com/ analysis/index.affx, version of May 31, 2005) , as well as pathways defined in the Kyoto Encyclopedia of Genes and Genomes (http:// www.genome.jp/kegg/) using methods similar to those previously reported (Thy 203 was omitted in this analysis; ref. 18). The 22,283 U133A GeneChip probe sets were collapsed to 12,44 distinct genes with unambiguous Entrez gene numbers, which reduced the 977 probe sets to 761 genes (460 up, 301 down). Overrepresentation of each annotation term (e.g., membership in a particular pathway) in this set of genes was tested using one-sided Fisher's exact tests. To estimate the false discovery rates for the most significantly enriched terms, the resulting P values were compared with P values obtained from 100 data sets in which the 761 genes were randomly selected.
Bioinformatic analysis using oncomine. The Oncomine data mining platform (19) was used to compare the PPFP(+) and PPFP(À) follicular carcinoma gene expression profiles (including Thy 203 ). Genbank accession IDs corresponding to Affymetrix probe set IDs were downloaded from Netaffx (www.affymetrix.com). Genbank IDs were mapped to Unigene Build 185. A map from Unigene to Entrez Gene ID was downloaded from Entrez Gene (http://www.ncbi.nlm.nih.gov/ entrez/query.fcgi?db = gene). The data set was base 2 log transformed (negative intensity values were removed) and median centered per array, and the SDs were normalized to one per array. Each gene was assessed for differential expression with Student's t test, done using the R statistical computing package. Tests were conducted both as two-sided for differential expression analysis and one-sided for overexpression analysis. To account for multiple hypothesis testing, Q values (estimated false discovery rates) were calculated as follows: Q ¼ ðN ÂPÞ R , where P is P value, N is the total number of genes analyzed, and R is the sorted rank of P value.
Gene set collection. All identifiers were mapped to Entrez Gene IDs for analysis. The 22,283 probe sets were collapsed to 13,046 distinct Entrez gene IDs. In the case of multiple probe sets per Entrez gene ID, the probe set with the minimum P value was kept. Sets of biologically related genes were collected or derived from a number of external resources; those relevant to the data presented here are as follows: chromosome arm mappings were downloaded from the National Center for Biotechnology Information Map Viewer (http://www.ncbi.nlm.nih. gov/mapview/), protein-protein interaction sets were downloaded from the Human Protein Reference Database (http://www.hprd.org/), and predicted micro-RNA (miRNA) target genes were downloaded from PicTar (http://pictar.bio.nyu.edu/; ref. 20) .
Gene set analysis. Oncomine gene expression signatures were defined as the top 20% of Entrez gene IDs with enough nonnegative values to perform a t test, rank-ordered by their P values in each differential expression analysis. This constitutes 12,078 distinct genes, giving 2,415 in the top 20%. The association of a gene expression signature and the gene set was assessed with Fisher's exact test. The false discovery rate was again estimated using Q values, calculated as follows:
where N is the number of gene sets of a given type tested against each gene expression signature and R is the ascending order rank of the respective P value.
Interactome. Approximately 16,000 known protein-protein interactions were downloaded from the Human Protein Reference Database (http://www.hprd.org; ref. 21 ), a manually curated database of pairs of proteins that have experimental evidence for physical interaction. Oncomine reports pairs of differentially expressed genes that encode proteins with documented protein-protein interactions. Oncomine generates interactome maps for the top 10% of genes rank-ordered by their P values in each differential expression analysis.
Results
Gene expression profiling identifies follicular carcinomas with the PAX8-PPARG translocation. The main focus of this work was to identify the transcriptional changes that are specific to follicular carcinomas that contain the PAX8-PPARG translocation. For this purpose, we obtained gene expression profiles on 93 thyroid samples consisting of 4 normal thyroids and 89 thyroid tumors (13 follicular carcinomas, 10 follicular adenomas, 8 oncocytic carcinomas, 7 oncocytic adenomas, and 51 papillary carcinomas). It was possible to identify cases with the PAX8-PPARG translocation by examining the microarray data for increased expression of PPARg (Fig. 1) . High PPARc transcript levels, compared with the other thyroid tumors, were present in seven of the follicular carcinomas. All the follicular patterned tumors (follicular carcinomas, follicular adenomas, oncocytic carcinomas, and oncocytic adenomas) were analyzed by reverse transcription-PCR for the presence of the fusion transcript (data not shown). The fusion transcript was detected in all seven follicular carcinomas with high PPARg expression and in only one other sample, a follicular carcinoma (Thy 203 ) that expressed very low levels of PPARg by microarray (Fig. 1) . By reverse transcription real-time PCR, the threshold for detection of the fusion transcript occurred 10 cycles later for Thy 203 than for the seven follicular carcinomas with high PPARg expression, indicating that Thy 203 expresses the fusion transcript at f0.1% the level of those seven follicular carcinomas. Further, real-time PCR for the 3V end of PPARc showed an undetectable level of expression after 40 cycles of amplification (Table 2) . Therefore, for analysis, we grouped Thy 203 with the PPFP(À) follicular carcinomas. As expected from this extremely low-level expression, the microarray profile of Thy 203 was similar to those of the five other PPFP(À) follicular carcinomas.
Characterization of transcript fusions in the PPFP(+) follicular carcinomas and Thy 203 . PPFP transcripts have been reported to contain PAX8 exons 7, 8, or 9 fused to PPARg1 exon 1 (11) . Reverse transcription-PCR using a forward primer in PAX8 exon 7 and a reverse primer in PPARg1 exon 1 followed by sequencing revealed that six of our seven PPFP(+) follicular carcinomas had transcripts with PAX8 exon 8 fused to PPARg1 exon 1, and one (Thy 150 ) had PAX8 exon 7 fused to PPARg1 exon 1. Thy 203 also showed fusion of PAX8 exon 8 to PPARg1 exon 1.
Gene expression among follicular patterned lesions is a function of the PAX8-PPARG translocation. Principal component analysis was done to examine global differences in gene expression between samples. Principal component analysis of all follicular neoplasms (23 follicular carcinomas and follicular adenomas) revealed significant separation of the PPFP(+) follicular carcinomas from the PPFP(À) follicular carcinomas and the follicular adenomas (Fig. 2) . This result indicates that the PAX8-PPARG translocation is the predominant source of the gene expression variation within this set of tumors. Thy 203 plotted among the other PPFP(À) follicular carcinomas, providing further support for its inclusion in the PPFP(À) follicular carcinoma group.
Gene expression profile of follicular carcinomas with the PAX8-PPARG translocation. The most direct way to define the expression profile of follicular carcinomas with the PAX8-PPARG translocation would be comparison of a large number of follicular carcinomas with and without the translocation. However, in general, follicular carcinomas are relatively rare thyroid tumors and microarray analysis requires frozen tissue. Thus, only 13 follicular carcinomas were available for analysis. Therefore, we used all of the data from the various tumor types to identify genes with larger (or smaller) mRNA levels in the seven PPFP(+) follicular carcinomas compared with the five PPFP(À) follicular carcinomas without this translocation (Thy 203 was omitted), which also were increased (or decreased) compared with non-follicular carcinoma tumor samples and normal tissue. We asked that two-sample t tests give P < 0.01 for the comparison of PPFP(+) follicular carcinomas to PPFP(À) follicular carcinomas, as well as for the comparison of PPFP(+) follicular carcinomas to the set of nonfollicular carcinoma samples. We further asked that the fold difference between PPFP(+) follicular carcinomas and each of the six groups individually be at least 1.5 and be in the same direction. This selected a set of 322 probe sets, 239 of which had increased values in the PPFP(+) follicular carcinomas. To estimate the false discovery rate for this gene list, we permuted the sample labels 1,000 times, and on average obtained only 3.85 qualifying probe sets in the 1,000 resulting data sets, so that we estimate the false discovery rate to be f1.2%. These 322 probe sets are identified in our Supplementary Data. When performing statistical tests for enriched features among sets of genes, below, we desired a somewhat larger list of genes, and for this used a weaker selection criterion that asked that the P values be <0.05 and the fold changes be at least 1.2. This selected 977 probe sets with an estimated false discovery rate of 11.4%.
We show a smaller subset in Fig. 3 that qualified under a similar but more stringent selection criteria that required the two P values to be <0.001 and the fold changes be at least 2.0. This selected 80 probe sets (67 up, 13 down) representing 68 distinct genes (55 up, 13 down), and gave an estimated false discovery rate of 0.07% using 1,000 permuted data sets. Note that in our data, PPARG is the most differentially expressed gene, but this reflects the expression of PPFP in tumors with the PAX8-PPARG translocation. We also examined the expression of several thyrocyte differentiation markers genes (SLC5A5, TG, TPO, and TSHR) between the PPFP(+) follicular carcinomas and the other follicular cohorts and found few significant changes.
Validation of select genes by reverse transcription real-time PCR. To validate the microarray data, reverse transcription real-time PCR was done using RNA from a set of tumors that partially overlapped with the set used for DNA microarray analysis. PPARG and four additional genes with increased expression in the PPFP(+) follicular carcinomas were selected for validation (ANGPTL4, AQP7, ENO3, and PGF). The results, reported as the number of cycles needed to reach threshold (cycle to threshold, C T ), are shown in Table 2 listed by histologic type and translocation status. Overall, the PCR results validate the microarray data, including classification of Thy 203 as PPFP(À). Validation of select proteins by immunohistochemistry. To validate the microarray data at the protein level, immunohistochemistry for PPARg and two proteins (ENO3 and AQP7) identified in the PPFP(+) signature was done using a thyroid tissue array that contained four PPFP(+) follicular carcinomas as well as a 10 other thyroid tumors [including two PPFP(À) follicular carcinomas] and four normal thyroids. The results confirmed increased protein expression in PPFP(+) follicular carcinomas of PPARg (four of four, 100%), ENO3 (three of four, 75%), and aquaporin (three of four, 75%) compared with normal thyroid and the other thyroid tumors (Fig. 4) .
Functional validation of the gene expression signature by transient transfection assays. Two of the genes most strongly induced specifically in the PPFP(+) follicular carcinomas, AQP7 and ANGPTL4, are induced by PPARg in other tissues (22, 23) . This suggests that PPFP might be inducing these genes in a PPARg-like manner, which runs counter to the conventional view that PPFP blocks PPARg action (11) . Therefore, we used transient transfection to compare the abilities of PPFP, PPARg, and PAX8 to regulate the AQP7 and ANGPTL4 promoters. The promoters from two additional genes induced specifically in the PPFP(+) follicular carcinomas, PGF and ENO3, were also studied. We transfected three different cell lines and primary cultures of dog thyrocytes to assess whether cell type -specific factors might regulate the response.
Preliminary studies were done to show the functional capacity of the primary dog thyrocyte cultures. The thyrocytes were transfected with a reporter plasmid in which the rat sodium iodide symporter gene upstream enhancer element and 2 kbp proximal promoter direct firefly luciferase expression (NIS-luc), together with a cytomegalovirus-Renilla luciferase internal control plasmid. Exposure to 15 mIU/mL TSH for 24 hours induced NIS-luc 2.3 F 0.09-fold (n = 3), indicating that the cells are responsive to TSH. Separate immunohistochemical experiments showed uniformly positive thyroglobulin staining (data not shown). Therefore, the dog thyrocytes were deemed appropriate for study.
The AQP7 promoter was strongly induced by PPARg and PPFP, but not by PAX8, in all four cell types (Fig. 5) . In general, PPARg and PPFP showed similar levels of induction in the presence of the PPARg agonist ciglitazone, although PPFP tended to have stronger ligand-independent activity. For example, in JEG-3 cells, PPARg induced luciferase 2.1-fold in the absence and 14-fold in the presence of ciglitazone, whereas the inductions with PPFP were 5.9-and 14-fold. Similarly, in primary cultures of dog thyrocytes, PPARg induced luciferase 8.8-fold in the absence and 29-fold in the presence of ciglitazone, whereas the inductions with PPFP were 23-and 46-fold.
The ANGPTL4 promoter was less responsive than AQP7 and the data showed some cell type specificity, but the overall trend was similar with PPFP being at least as active as PPARg, and PAX8 having no activity (Fig. 6 ). For example, in JEG-3 cells, PPARg induced luciferase 1.2-fold in the absence and 2.4-fold in the presence of ciglitazone, whereas the inductions with PPFP were 1.9-and 3.4-fold. The ANGPTL4 promoter was not induced by either PPARg or PPFP in FRTL-5 cells, but in dog thyrocytes PPFP expression resulted in a 3.5-fold induction in the absence and a 5.2-fold induction in the presence of ciglitazone. The response in N2a cells was qualitatively similar to that in dog thyrocytes, with PPARg not inducing this promoter but PPFP resulting in inductions of 2.2-and 3.1-fold in the absence and presence of ciglitazone. In JEG-3 cells, the ENO3 promoter was also induced more strongly by PPFP (2.9-fold minus ciglitazone and 6.9-fold plus ciglitazone) than by PPARg (1.3-and 3.8-fold; Fig. 7A ). However, this promoter was not induced by PPARg, PPFP, or PAX8 in N2a cells, FRTL-5 cells, or dog thyrocytes (data not shown).
The PGF promoter was not induced by PPARg, PPFP, or PAX8 in any of the cell lines (data not shown). However, in dog thyrocytes, PPFP caused inductions of 6.4-fold minus ciglitazone and 10-fold plus ciglitazone, compared with no induction by PPARg and a modest f2.5-fold induction by PAX8 (Fig. 7B) .
Pathway analysis of the PAX8-PPARG signature genes. We analyzed the larger set of 977 probe sets found to be altered with the PAX8-PPARG translocation for enriched Gene Ontology terms, Kyoto Encyclopedia of Genes and Genomes pathways, and GenMAPP maps ( Table 3) . The most substantial enrichment was observed for pathways related to fatty acid metabolism. Induced genes in these pathways include several acyl-CoA dehydrogenases (ACADL, ACADM, ACADS), acetylCoA acyltransferases (ACAA1, ACAA2), and hydroxyacyl-CoA dehydrogenases (HADHA, HADHSC), all of which participate in fatty acid h-oxidation. Other metabolic pathways also were enriched, such as Kyoto Encyclopedia of Genes and Genomes pathways valine, leucine, and isoleucine degradation, and glycolysis/gluconeogenesis. These results are striking because PPARg regulates adipogenesis and glucose metabolism.
Bioinformatic analysis using Oncomine. The Oncomine data mining platform (www.oncomine.org/; ref. 19 ) was used to compare the PPFP(+) and PPFP(À) follicular carcinoma gene expression profiles (Thy 203 included), as a means of exploring for differences of potential biological significance between these groups of follicular carcinomas. Genes located on chromosome 3p were found to be overrepresented, with 95 of 341 measured genes on 3p being in the top 20% of the PPFP(+) up-regulated profile (P = 5.1EÀ5, Q = 0.002; all other chromosome arms had Q values of at least 0.2). Presumably, this is a consequence of the t(2;3)(q13;p25) chromosomal translocation and may reflect strong PAX8 regulatory sequences from chromosome 2 exerting effects on chromosome 3p genes or other chromosome structural effects. Interestingly, the genes on 3p that are induced include two genes that are directly involved in fatty acid metabolism-carnitine/acylacrnitine translocase (SLC25A20), which transfers fatty acylcarnitines into mitochondria, and acetyl-CoA acyltransferase 1 (ACAA1), which participates in peroxisomal fatty acid h oxidation. Thus, although these genes seem to be functionally related to PPARg and it would be plausible to postulate that they are induced directly by PPFP, their membership in the set of induced genes from chromosome 3p suggests they may be induced secondary to the translocation itself.
Recently, it has become clear that miRNAs down-regulate the expression of a large number of genes posttranscriptionally by binding to short sequences in mRNA 3V untranslated regions. Each miRNA may regulate multiple mRNAs, and one mRNA may be regulated by multiple miRNAs. Oncomine uses PicTar (20) to analyze for miRNA target genes. Putative target genes for Fig. 5 . Regulation of the AQP7 promoter. JEG-3 cells, N2a cells, FRTL-5 cells, or primary cultures of dog thyrocytes were cotransfected with an AQP7-luciferase plasmid, an internal control Renilla luciferase plasmid, and an expression vector for PAX8, PPARg, PPFP, or empty vector. The cells were cultured Fciglitazone for 2 days before determining reporter gene activities. Luciferase is normalized to Renilla luciferase, and for each experiment the normalized activity with empty vector Àciglitazone is defined as 1. Columns, mean for four to six experiments; bars, SE. . Twenty-one up-regulated genes are putative targets for at least three of these four miRNAs, suggesting coordinate regulation. Included in this list are the oncogenes RUNX1/AML1 and SS18; PUM2, which encodes a protein thought to be involved in stem cell proliferation and self renewal; and NRP2, which encodes the vascular endothelial growth factor/PGF receptor neuropilin 2. The Oncomine ''Interactome'' identifies known physically interacting proteins (based up the Human Protein Reference Database; ref. 21) among the differentially expressed genes. This analysis revealed correlations between the expression of PPARg (which also measures PPFP) and two proteins that can function as PPARg coactivators, GADD45G (r 2 = 0.85) and NCOA4/ARA70 (r 2 = 0.48). This suggests that, in PPFP(+) follicular carcinoma, the PPARg-like transcriptional activity of PPFP may be magnified by increased expression of these proteins.
Interactome analysis also revealed that the set of genes with increased transcript expression in PPFP(+) follicular carcinomas includes the epidermal growth factor receptor (EGFR) and several EGFR-interacting proteins: BRAF, which is activated by EGFR; CRK, an adapter protein that participates in EGFRmediated BRAF activation; VAV2, an oncogene that is phosphorylated by EGFR; STATs 1 and 5B, which also are activated by EGFR; the ERBB3 oncogene, which dimerizes with EGFR and is amplified in numerous cancers; PTK2, a tyrosine kinase that binds to and helps transmit motility signals from the EGFR; and HBEGF, which binds and activates EGFR with greater potency than EGF. The Interactome analysis also allows one to visualize overall networks of interactions by drawing an interaction map. This reveals that the EGFR is a central node that connects to numerous other up-regulated genes, including the oncogenes BRAF, PTK2, and EPHA2 (Fig. 8) .
Discussion
In their original description of the PPFP fusion protein, Kroll et al. (11) used transiently transfected U2OS (osteosarcoma) cells to show that PPFP does not activate PPAR-responsive promoters. Instead, PPFP functioned as a dominant-negative inhibitor of PPARg-induced reporter gene activation. This led to the hypothesis that inhibition of endogenous PPARg is an important mechanism by which PPFP causes follicular carcinomas to develop or progress. A number of other observations would also be consistent with this hypothesis. There are no thyroid cancer cell lines that express PPFP; however, a PPARg agonist caused growth inhibition of thyroid cancer cell lines that express PPARg (24 -26) , and forced overexpression of PPARg reduced cell growth in a thyroid cancer cell line that does not express endogenous PPARg (24) . Stable transfection of the SV40 T antigen-transformed human thyroid-derived cell line Nthy-ori with PPFP led to increased growth in soft agar, and treatment of Nthy-ori cells with a PPARg antagonist had a similar effect (12) .
Comparing the gene expression profiles of follicular carcinomas that express PPFP versus those that lack the translocation should provide insight into the mechanism of action of this fusion protein. Although the data summarized above would suggest that PPFP functions by inhibiting thyroid PPARg, two of the genes most strongly induced in PPFP(+) follicular carcinomas, AQP7 and ANGPTL4, are induced by PPARg in other tissues (22, 23) and a PPAR response element has been identified in the mouse AQP7 promoter. Thus, we considered the hypothesis that PPFP might function in a PPARg-like manner, at least on some target genes. To test this hypothesis, we did a reporter gene analysis of AQP7 and ANGPTL4 promoterluciferase constructs cotransfected with PPFP, PPARg, PAX8, or empty vector. The promoters of two additional genes induced in the PPFP(+) follicular carcinomas, ENO3 and PGF, were also evaluated. The major conclusions from these experiments are that PPFP can indeed function in a PPARg-like manner, although it also has transcriptional properties distinct from either PAX8 or PPARg, and the effects of this fusion protein can be cell type dependent. Thus, the concept of PPFP contributing to follicular carcinoma largely by antagonizing endogenous PPARg needs reevaluation. Endogenous PPARg is expressed at very low levels in thyrocytes and has no known function in these cells. Furthermore, there are other ways of blocking endogenous PPARg, yet follicular carcinomas have not been reported to develop these mechanisms. For example, germ line dominantnegative mutations in the ligand-binding domain of PPARg cause severe insulin resistance (27) , yet similar mutations have not been described in follicular carcinomas.
Because PPFP is a transcription factor, it likely regulates a number of genes that contribute to the phenotype of follicular carcinoma. PGF and ANGPTL4 are angiogenic factors that are overexpressed in nonthyroid malignancies (28 -30) , and hence could be important in the development or progression of PPFP(+) follicular carcinoma. PGF also is induced in the thyroid glands of patients with Graves' disease and rats treated with thiouracil, suggesting that it participates in the physiologic vascular response that accompanies goiter formation (31) . The modest induction of the PGF promoter by PAX8 in our transfection studies may in fact be part of the mechanism of this physiologic response, and suggests that PPFP also may have PAX8-like activity on some target genes. AQP7 is a glycerol channel (32, 33) and could provide energy for follicular carcinomas, especially because our microarray data indicate follicular carcinomas express glycerol kinase (as does normal thyroid; ref. 34) .
The gene expression signature of PPFP(+) follicular carcinomas was most significantly enriched in pathways related to fatty acid h oxidation and metabolism, with significant enrichments also in pathways related to amino acid and carbohydrate metabolism ( Table 2 ). This is striking considering the known roles of PPARg in lipid and carbohydrate metabolism. Interestingly, however, it is primarily PPARa that stimulates fatty acid h oxidation (35) , suggesting that PPFP also has PPARa-like activity. PPARs a and g bind to the same response elements, and the factors that dictate their distinct activities are not fully defined. Oncomine and PicTar revealed a striking enrichment of putative miRNA target genes among the up-regulated genes in PPFP(+) follicular carcinomas. Included among these are genes plausibly connected to cancer, such as SS18, RUNX1, PUM2, and NRP2. Because miRNAs down-regulate gene expression, these data suggest that certain miRNAs are under expressed in PPFP(+) follicular carcinoma, which would be consistent with the observed decrease in miRNA expression in other cancers (36) . Recently, miRNA expression profiles have been shown to accurately predict subtypes of acute lymphoblastic leukemia (36) . Our analysis suggests that miRNA profiling also might distinguish subtypes of follicular thyroid cancer.
Interactome analysis revealed that the PPFP(+) follicular carcinoma gene signature includes EGFR and numerous proteins that interact directly with EGFR. In addition, EGFR is a central node in a large network of interacting proteins with increased transcript expression in PPFP(+) follicular carcinomas (Fig. 8) . This suggests that inhibition of EGFR could have multiple beneficial downstream effects, making it a potentially attractive target in PPFP(+) follicular carcinomas. Inhibitors of the EGFR tyrosine kinase currently are in use to treat other cancers (37) .
The potential value of EGFR inhibitors is but one link to clinical oncologic practice provided by our data. We also show increased expression of the angiogenic factors ANGPTL4 and PGF, suggesting that antiangiogenic agents may be therapeutic. Diagnostically, increased expression of PPARg would almost always indicate follicular thyroid cancer because we found that high expression of PPARg uniformly signifies expression of PPFP, which is rarely found in benign lesions.
Two recent reports have examined gene expression in PPFP(+) versus PPFP(À) follicular carcinomas, although neither study provided functional validation of their findings. Lui et al. (38) did Affymetrix profiling of four follicular carcinomas with the rearrangement and five without. For unknown reasons, there is virtually no overlap between their PPFP-specific gene signature and ours. While our manuscript was in preparation, Lacroix et al. (39) published gene expression profiling of four follicular tumors containing PPFP (one of which was benign) and eight follicular tumors without the fusion protein (three of which were benign). Our PPFP signature overlaps substantially with theirs, including all four genes that we studied by transfection (AQP7, ANGPTL4, ENO3, and PGF), as well as the enrichments in pathways related to lipid, glucose, and amino acid metabolism. In addition, Lacroix et al. used computational methods to identify putative PPAR binding sites in the promoters of many genes in their PPFP(+) profile. The concordance of our findings, which were done on different platforms, substantiates our conclusions but does not provide insight into the discrepant results of Lui et al. It remains to be determined which PPFP target genes are important in the development and progression of follicular carcinoma.
